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A simple method for scalable exfoliation of biocompatible few layered graphene (FLG) 
dispersions is developed using an inexpensive hydrodynamic cavitation setup. Hydrodynamic 
cavitation is used for the exfoliation. Unlike acoustic cavitation, the primary way of bubble 
collapse in hydrodynamic cavitation is caused laterally, thereby separating two adjacent flakes 
by a shear effect. The process utilizes a known protein, Bovine Serum Albumin (BSA), which 
acts as an effective exfoliation agent and provides stability by preventing restacking of the 
graphene layers. This is because BSA possesses both hydrophobic as well as hydrophilic 
sections. The hydrophobic section is absorbed on graphene, which also is hydrophobic. This 
assists in the formation of dispersions and potentially prevents restacking of graphene. 
Development of potentially scalable biocompatible methods are critical for producing cost-
effective non-toxic graphene, enabling numerous possible biomedical and biological 
applications. A methodical study was performed to identify the effect of time in a novel 
hydrodynamic cavitation system for graphene exfoliation. The fabricated product was 
characterized using Raman spectroscopy and Transmission electron microscopy. It was found 
that with time the number of layers of graphene seem to decrease based on the I2D/IG ratio where 
at 6 hours the ratio was at 0.307 but along with that disorder in graphene seem to increase based 
on the ID/IG  ratio which reached up to .33 from .25 at 4.5 hours. Based on the data in the study, 
evidence of a direct relationship between graphene exfoliation and cavitation is found. Therefore, 
the paper provides the theoretical and the computational analysis needed to create an optimized 




CHAPTER 1.  INTRODUCTION 
1.1 Overview 
 
Graphite is a naturally occurring form of crystalline carbon. Carbon atom which consists of 6 
protons, 6 neutrons and 6 electrons consists of an electron configuration of 1s22s22p2. Since the p-
shell in carbon can accommodate 6 electrons to complete its octet it shares its valence electrons 
with other atoms by forming covalent bonds. In the case of graphite each carbon atom forms 3 
covalent sigma bonds with other carbon atoms. Graphite is the ‘mother material’ of graphene. As 
opposed to graphene oxide (GO) and reduced graphene oxide (RGO), graphene and graphite has 
very similar characteristics [1]. Graphite naturally occurs as a 3D structure. It is found in the π-
stacked hexagonal structure of graphite with an interlayer spacing of 3.34 Å, which is the van der 
Waals distance for sp2-bonded carbon [2]. Graphene is the hypothetical infinite aromatic sheet of 
sp2-bonded carbon that is the 2-D counterpart of naturally occurring 3-D graphite [3]. Graphene a 
crystalline allotrope of carbon is considered a single layer graphite with a honeycomb structure 
possessing remarkable electrical, mechanical, and thermal properties. Graphene which is a one 
atom thick sheet has each carbon atom covalently bonded to three other carbon atoms with sp2 
hybridization [4]. With its unique properties graphene has a market demand in sectors of 
automotive, industrial, medical, energy and electronics. Conduction in Single Layered Graphene 
(SLG) is unique compared to other conductive material studied as SLG is 2D. As an electronic 
material, graphene represents a new playing field for electrons in 2, 1, and 0 dimensions where its 
conductivity is determined using linear band structures. Band structures which correspond to the 
dispersion of bonding and antibonding molecular orbital are called 𝜋 and 𝜋* bands. In this thesis, 
the focus would be to introduce an inexpensive process to exfoliate Few Layered Graphene (FLG) 
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for medical applications. Graphene and its derivatives possess outstanding mechanical, electronic, 
optical, thermal, and chemical properties [5] Graphene could be used in the medical fields of tissue 
engineering, drug delivery and gene delivery [6]. 
 
1. Tissue Engineering  
Tissue engineering is a multidisciplinary field focused on the application of engineering 
and biological sciences to create a biological substitute that can repair and improve tissue’s 
function [7]. Graphene-based materials possess mechanical properties such as high 
elasticity, flexibility, and adaptability to flat or irregular surfaces that are suitable for the 
structural reinforcement of materials frequently used for tissue engineering [8]. 
 
2. Drug Delivery  
Nanographene prepared at low cost with specific surface properties enables to interact with 
various molecules, which allow then to be used in drug delivery. These nanocarriers have 
primarily been used for cancer treatment to improve effectiveness and reduce side-effects 
[6]. For instance GO and the anticancer drug hypocrellin A complex can induce the 
generation of singlet oxygen molecules which can kill the impregnated cells after exposed 
to light irradiation [9]. 
3. Gene Delivery  
Graphene nanosheets with large sp2 hybridized carbon area, are able to interact not only 
with drugs, but also with other molecules like the nucleic acids DNA and RNA. Therefore, 
they can be used for gene delivery or as carriers and protectors of probes involved in 
identifying miRNAs [6]. Also, graphene is an option to deliver plasmids, especially when 
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functionalized with cationic polyethylenimine that interacts well with DNA’s phosphate 
groups [10]. 
Graphene has a multitude of unique properties: 
1. High Electron Mobility 
Graphene possesses a band structure that is symmetric in nature, leading to elevated electron 
mobility [11], [12]. Scientists believe that SLG has a resistivity in the range of 10-6 ohm-cm [13].  
2. High Thermal Conductivity  
SLG has a diffusive conduction at high temperatures and a ballistic conduction at low temperatures 
due to its relatively low carrier density [14]. At room temperature, the monolayer graphene has a 
thermal conductivity of about 6000 Wm-1K-1 [15]. 
3. Substantial Surface Area 
SLG has surface area equaling 2630 m2g-1. This is because its atoms are connected 2 
dimensionally, causing it to have a specific surface that is larger than most materials [16], [13]. 
Graphene is exfoliated using multiple processes depending on its applications:  
1. Mechanochemical Exfoliation 
Earliest technique developed to exfoliate graphene was by using a scotch tape to apply normal 
forces on the graphene layers and its eventual acid dissolution leading to the isolation of SLG 






2. Liquid Phase Exfoliation 
This technique involves using surface-active organic fluids that penetrate between the layers of 
crystalline graphite. As a result, the increased distance between the graphene layers reduces their 
corresponding interaction energy. This assists in exfoliation once a mechanical force is applied on 
them [18]. 
3. Graphite Oxide Reduction 
One of the most common techniques investigated to fabricate graphene is exfoliating graphite 
oxide into graphene oxide (GO). The motivation behind this technique is that it is relatively easier 
to exfoliate graphite oxide compared to graphite. However, the hydrophilicity of the GO sheet 
weakens during reduction [19].  
4. Chemical Vapor Deposition 
Chemical Vapor Deposition (CVD) involves the use of transition metal substrates to develop 
graphene layers. This method is based on depositing layers of nickel of transition metals on to 
SiO2/Si substrates using an electron-beam evaporator. Then the samples are heated up to 1000 ℃ 
inside a quartz tube under an argon atmosphere and cooled down to room temperature using 
flowing argon. This provides an efficient method of separating graphene layers from the substrate. 
1.2 Research Motivation 
Despite the multitude of applications available for graphene the primary focus of this thesis is to 
propose a process to produce graphene for medical applications. The conventional techniques in 
place are usually environmentally hazardous and possess toxic effects [20], [21], [22]. Therefore, 
there is a need to exfoliate biocompatible graphene using an efficient and an inexpensive method. 
To answer this Guo et al. developed a green electrochemical technique to fabricate graphene by 
reducing exfoliated graphite oxide (GO) [23]. Zhu et al. and Gurunathan et al. produced graphene 
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by reducing exfoliated GO using glucose and triethylamine respectively [22], [24]. But as 
explained earlier through GO it is unable to produce pristine graphene.  Yi et al. produced graphene 
by sonicating water and alcohol and subsequently centrifuging it [25]. This method provided the 
main motivation developing the process presented in this thesis, for it was identified that sonication 
assisted in the exfoliation process and alcohol served as the primary agent in preventing the 
restacking of the graphene layers.  
Acoustic cavitation which is a result of sonication is the primary phenomenon in exfoliating 
graphene. Sonication which results in acoustic cavitation generates microbubbles and thereafter 
results in implosions. This microbubble generation and implosion assists in providing shear forces 
in exfoliating the graphene and normal forces in the fragmentation of graphene.  
The following chapters describe a mechano-chemical technique to exfoliate few layered graphene 
nanosheets in an aqueous dispersion using hydrodynamic cavitation. The process is aided by a 
commonly found protein, known as Bovine Serum Albumin (BSA). This also resolves the 
inefficiencies in sonication which primarily uses acoustic cavitation to exfoliate.  
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CHAPTER 2.  HYDRODYNAMIC CAVITATION FOR SCALABLE EXFOLIATION     
OF FEW LAYERED GRAPHENE NANOSHEETS 
Modified from a manuscript to be submitted to Ultrasonics - Sonochemistry 
Steven De Alwis1, Sarabjit Singh1, Nicole N. Hashemi1,2* 
1 Department of Mechanical Engineering, Iowa State University, Ames, IA, 50010, United States 
of America 
2 Department of Biomedical Engineering, Iowa State University, Ames, IA, 50010, United States 
of America 
* Email: nastaran@iastate.edu 
2.1 Abstract 
 
A simple method for protein assisted scalable exfoliation of biocompatible few layered graphene 
(FLG) nano-sheets is developed using hydrodynamic cavitation. Hydrodynamic cavitation is 
used for the exfoliation. Unlike acoustic cavitation, the primary way of bubble collapse in 
hydrodynamic cavitation is caused laterally, thereby separating two adjacent flakes by a shear 
effect. The process utilizes a known protein, Bovine Serum Albumin (BSA), which acts as an 
effective exfoliation agent and provides stability by preventing restacking of the graphene layers. 
Development of potentially scalable biocompatible methods are critical for producing cost-
effective non-toxic graphene, enabling numerous possible biomedical and biological 
applications. A methodical study was performed to identify the effect of time in a novel 
hydrodynamic cavitation system for graphene exfoliation. The fabricated product was 
characterized using Raman spectroscopy and Transmission electron microscopy. It was found 
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that with time the number of layers of graphene seem to decrease based on the I2D/IG ratio where 
at 6 hours the ratio was at 0.307 but along with that disorder in graphene seem to increase based 
on the ID/IG  ratio which reached up to .33 from .25 at 4.5 hours. The paper also provides the 
theoretical and the computational analysis needed to create an optimized cavitation model to 
potentially improve the graphene yield and fabricate higher quality graphene.  
 
2.2 Introduction  
 
Graphene nanosheets consists of single-, bi- or, a few, but fewer than ten, sp2- hybridized layers 
of carbon atoms that are in the form of six membered rings [1]. It has a large theoretical specific 
surface area of 2630 m2 g-1 intrinsic mobility of 200,000 cm2v-1s-1, and a thermal conductivity of 
5000 Wm-1K-1 [2-4]. Being an excellent conductor [5], it has many real-world applications and 
provides an ideal base for bioelectronics and biosensing. For diseases such as Parkinson’s 
disease, understanding problems such as neurotoxicity, oxidative stress, histone deacetylase 
(HDAC), and other molecular pathways could be beneficial [6-7]. Graphene is helpful in 
understanding neurodegenerative diseases by serving as a useful biosensor, especially in 
understanding the electrophysiological effects on cells [8-10]. Biocompatible graphene could 
also be used as humidity sensors to monitor body sweat [11].  
Many methods have been developed to fabricate graphene. The prominent methods can be 
classified as micromechanical exfoliation, electrochemical exfoliation, and exfoliation using 
solvents and chemical vapor deposition. Although monolayer graphene is difficult to develop, it 
has been observed that FLG possesses certain properties that are like monolayer graphene, such 
as its high surface area and the absence of gap in its electronic band structure. Due to these 
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similarities, FLGs can substitute for single layer graphene in various applications, ultimately 
generating cost effective solutions [12-16]. 
Lately, the influence of biological materials as exfoliates have also been investigated. Ahadian et 
al. developed graphene dispersions by sonicating graphite in Bovine Serum Albumin (BSA) 
media [17]. Bovine Serum Albumin is a protein that is obtained from cows through natural 
means. BSA possesses both hydrophobic and hydrophilic sections where the hydrophobic section 
is adsorbed on graphene. This assists in the formation of dispersions and potentially prevents the 
restacking of graphene [18]. 
Ultrasonication which is a process that applies sound energy to agitate particles in a sample with 
frequencies greater than 20kHz [19] is widely used to exfoliate graphene. It has also been proved 
that by optimizing acoustic cavitation (as an effect of sonication), it provides higher yields (up to 
18%) of graphene [20]. Though there has been considerable research done on the topic of effects 
of acoustic cavitation on graphene exfoliation, an absence relating to the effects of hydrodynamic 
cavitation on graphene exfoliation persists. Studies comparing the effectiveness of acoustic and 
hydrodynamic cavitation in combined treatments found that hydrodynamic cavitation was more 
energy efficient as compared to acoustic cavitation [21], an essential component in the 
formulation of an inexpensive exfoliation method. The superior energy efficiency in 
hydrodynamic cavitation could provide a passage to resolve a shortcoming of acoustic cavitation; 
the excessive local heat generation which makes it highly restrictive for industrial applications. 
Cavitation is the appearance of vapor bubbles and pockets inside an initially homogeneous liquid 
medium which is the breaking of a liquid medium under excessive stress. Hydrodynamic 
cavitation is dependent on two types of flows: flows in venturis or narrow passages (valves for 
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hydraulic control) and flows near the upper side of a wing or a propeller blade [22]. In this thesis 
Graphene exfoliation was studied based on two main patterns of vapor cavities namely cavitating 
vortices (CV) using a kitchen blender and transient isolated bubbles (TIB) using the novel 
experimental model. 
Raman spectroscopy is widely used for structural characterization of new carbon-based materials 
[23]. Therefore, using Raman spectroscopy, the graphitic nature of the samples produced through 
the blender and the novel experimental model could be compared. Sequentially, the systematic 
effect of time on graphene exfoliation would be studied using the proposed cavitation model. 
 
2.3 Materials and Method  
 
Bovine Serum Albumin (BSA) (CAS: 9048-46-8) and Graphite (powder, <20 µm, synthetic, 
CAS: 7782-42-5) were purchased from Sigma Aldrich USA for the graphite solution. As for the 
solvent, deionized water was used. 
 
2.4 Results and Discussion 
 
2.4.1 Effect of cavitating vortices in graphene exfoliation 
 
Initially to identify the bubble propagation on the blades of the blender a high-speed image of the 
bubbles created on the tip of the blades were taken to prove the existence of cavitation. For 
visibility reasons the images were taken in the presence of water instead of the graphite solution. 
Thereafter, the graphite solution was introduced to the blender and was run for 30 minutes at a 
medium speed (Figure 1).  The concentration of graphite was kept constant at 20g in each 
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experiment throughout the study. The concentration of BSA was kept constant at 610 mg. In 
addition, 600 mL of water was added to the graphite-BSA mixture to prepare a solution. The 
experimental set up is like the setup developed by Pattammattel et al [24]. 
 
Figure 2.1 Graphene exfoliation using a kitchen blender  
2.4.2 Effect of transient isolated bubbles in graphene exfoliation 
 
The proposed model (Figure 2) consisted of a centrifugal pump which is rated at a maximum 
pressure of 10 psi, and a flow rate of 11 GPM. As for the point of cavitation, a needle valve with 
a flow coefficient of 0.87 was used. Since this was a centrifugal pump, flow was inconsistent 
throughout the experiment as flowrate varies with respect to output pressure. This could be 
considered a significant drawback in this experimental model because having a constant flow is 
ideal for studying cavitation. The orifice created in the needle valve served as being the venturi 
or the constriction in this setup. The constriction assists in increasing the velocity of the fluid 
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thereby decreasing the cavitation number. The cavitation number is an important factor because 
cavitation occurs at lower range.  
As for the graphite solution introduced to the model the concentration of graphite was kept 
constant at 30 g in each experiment throughout the study. The concentration of BSA was kept 
constant at 910 mg, and 900 mL of water was added to the graphite-BSA mixture to prepare the 
solution. The graphite solution introduced to the proposed model was initially mixed in the 
blender for 5 minutes under a low speed, after which the dynamic viscosity and the specific 
gravity was measured. Afterwards, the kinematic viscosity was calculated using both measured 
values. 
 




2.4.3 Material properties of the graphite solution 
Viscosity is the transport property of the fluids that serves as quantitative data to design mass 
transfer, heat transfer and fluid flow mechanism [25]. By measuring the time for a volume of 
liquid to flow under gravity, the dynamic viscosity can be obtained by multiplying the kinematic 
viscosity by the density of the fluid [26]. Density of the fluid (𝜌 ) was found as a product of the 
measured specific gravity of the graphite solution (𝑆𝐺 ) and density of water (𝜌 ).  
𝜌 = 𝑆𝐺 ∗ 𝜌 (1) 
The measured dynamic viscosity of the graphite protein solution was 1.1429 cP as opposed to the 
dynamic viscosity of water which is 1 cP. The specific gravity of the solution is 1.0105 which 
results in the solution's kinematic viscosity to be 1.131 cSt. The density of the solution is 1010.5 
kg/m3 . 
𝜈 =  (2) 
2.4.4 Graphene exfoliation using the kitchen blender  
Raman spectroscopy was used to investigate the exfoliation of graphene. Using the ratio of peak 
intensities ID/IG, one can use Raman spectra to characterize the level of disorder in graphene. The 
number of layers can be derived from the ratio of peak intensities, I2D /IG , as well as the position 
and shape of these peaks [27]. Using the spectroscopy, it was found that the ID/IG was 0.5 and the 
I2D /IG  was 0.375 (Figure 3). The spectroscopy seemed to replicate the data of experiments 
performed by Guo et al [28], although the ID/IG seemed to be higher in this instance. It could be 
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seen on the images taken of the blade of the blender using a high-speed camera that cavitation 
was the governing phenomenon in graphene exfoliation (Figure 4). 
 




Figure 2.4 High speed image of the bubbles created due to cavitation on top of the blender blade 
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2.4.5   Effects of temperature in graphene exfoliation 
The motivation behind this study were the findings by Abu-Rahmeh et al [29] where it was 
found that cavitation increases with temperature and flow rate. To understand the effects 
temperature on graphene exfoliation an experiment was design using the kitchen blender setup. 
In this experiment, temperature was assigned to be the independent variable while the Raman 
spectra data gathered of the graphene samples were treated to be the dependent variable. The 
graphite solutions were prepped in a flak before being introduced to the blender. Experimental 
group’s solution was heated while in the flask. Both solutions of the controlled and the 
experimental groups were blended at a constant speed for 30 minutes. After which samples were 
collected.  
 




It was found using the spectroscopy of the samples that the I2D/IG ratio of graphene at 50 Celsius 
was .476 and at 21 Celsius (room temperature) was .648 (Figure 5). This is proof that at higher 
temperatures, the graphene produced tend to have a smaller number of layers.  
 
2.4.6   Graphene exfoliation using the proposed model 
Graphene exfoliation in the proposed cavitation model was studied using 3 main time intervals of 
3, 4.5 and 6 hours. Similarly, both the ID/IG and I2D /IG ratios were calculated for each run to 
study the graphitic nature of the graphene produced. At 3 hours it was found the ID/IG to be 0.29 
and I2D /IG to be 0.43. At 4.5 hours it was found the ID/IG to be 0.25 and I2D /IG to be 0.33. At 6 
hours it was found the ID/IG to be 0.33 and I2D /IG to be 0.307. Based on these ratios it could be 
seen that though the ID/IG ratios did not necessarily change with time I2D /IG seem to show lower 
ratios with increasing time (Figure 6). These results suggest that, with time, graphene exfoliation 
tends to improve. To understand the morphology of the graphene produced TEM images were 
used. These images provided an insight to the number of layers of the graphene produced which 
was used in ranking the graphene. It was identified that the graphene processed for six hours tend 
to be less opaque (Figure 7a) meaning there were a smaller number of graphene layers than that 






Figure 2.6 Raman spectra for the graphene exfoliates using the proposed cavitation model. Data 
gathered for time periods of 3 hours (Blue), 4.5 hours (Red), 6 hours (Black) 
 
Figure 2.7 Transmission Electron Microscopy Images for graphene exfoliated using the setup 















2.4.7   Optimized cavitation model using a venturi tube  
Based on data gathered by Li et al [29] on cavitation a COMSOL model was created to size a 
potential pump and study the effectiveness of a potential venturi tube to create hydrodynamic 
cavitation. A venturi tube was designed using SolidWorks (Figure 8a) with a diameter ratio (DR) 
of 6, where in the inlet diameter (𝐷 ) was 9mm and 1.5mm for the orifice diameter (𝐷 ) (Figure 
8b).  
𝐷𝑅 =   (3) 
An inlet angle of 19 degrees and an outlet angle of 5 degrees was assigned to optimize cavitation 
(Figure 6). This was because the highest-pressure drops were found in these angles based on 
findings of Li et al [30]. Using the simulation, it was seen the pressure dropped to vapor pressure 
at the throat of the venturi tube (Figure 9c). The cavitation number (𝐶 ) is a dimensionless 
number used to characterize the conditions of cavitation in hydraulic devices. The cavitation 
number is dependent on 𝑃   inlet pressure, 𝑃  vapor pressure, density of the graphite solution and 





















Figure 2.9 COMSOL Simulation of the venturi tube: (a) Velocity vs displacement graph (b) 






Figure 2.9 Continued 
 
The proposed venturi tube was able to achieve a cavitation number of 0.909 with inlet pressure 
of 190kPa (Figure 9b) and an orifice speed of 23 m/s (Figure 9c). Using the simulation, it was 
also identified a pressure drop of 250kPa was achieved (Figure 9b). Based on this analysis it is 
recommended for future graphene exfoliation studies a positive displacement pump be utilized. 
If the cavitation number is needed to be improved, it is recommended findings of Vichare et al 
[31] be incorporated to the experimental procedure. 
By potentially introducing an orifice plate as suggested in the paper by Vichare et al it would be 
possible to decrease the cavitation number by arranging more openings of small size on the plate 
by increasing the total perimeter of the holes.  
Understanding flows and pressures is pivotal for this study and therefore including a pressure 
gauge and a flow meter would be essential in effectively gathering data (Figure 10). Unlike the 
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hydraulic circuit by Li et al[30] a flow damper would not be necessary in this instance, for 
recirculation of bubbles would be beneficial in graphene exfoliation. Due to the low pressure the 
complete setup would be able to be built using PVC pipes. As for the pressure gauge and pump 
connections, it is possible to use CPVC stainless steel female and male adapters respectively to 











A simulation was performed using ANSYS to understand the effects of temperature and flow 
rate on cavitation as prescribed by Rahmeh et al [29]. Here the designed venturi tube was 
subjected to a multiphase fluid flow with varying flow rates and inlet temperatures. In this study 
data relating to change of velocity and vapor volume fraction in the venturi tube were simulated. 
Identifying the vapor volume fraction helps in understanding the number of microbubbles 
generated for when the vapor volume concentration increases it indicates that more microbubbles 
are generated due to cavitation as liquid pressure drops to vapor pressure.  
In this simulation data relating to two flow rates and three temperatures at a constant gauge 
pressure of 190 kPa (27 psi) were gathered. The two flowrates were intended to create velocities 
of 2 m/s and 4 m/s at the inlet of the venturi tube at temperatures of 298K, 323K and 350K.  
It was found that increments in temperature seem to increase the vapor volume of the cavitated 
fluid (Figure 8a and Figure 8b). Increase in vapor volume also seem to depend on increments in 
flow rate (Figure 8c, Figure 8d and Figure 8e, Figure 8b). Yet large increments in temperatures 
seem to decrease throat velocity of the fluid (Figure 8f). Overall, findings through this study 










Figure 2.11. ANSYS Simulation of the venturi tube: (a) Vapor volume fraction at inlet velocity 
4m/s at 350K (b) Vapor volume fraction at inlet velocity 4m/s at 298K (c) Vapor volume fraction 
at inlet velocity 2m/s at 323K (d)  Vapor volume fraction at inlet velocity 4m/s at 323K (e) 
Vapor volume fraction at inlet velocity 2m/s at 298K  (f) Velocity contour at inlet velocity 4m/s 






















Using the optimized gauge pressure found in Figure 9b, throat velocities found using ANSYS 
simulations and equation 4, the respective cavitation numbers were computed.  
Table 2.1. Cavitation numbers for the ANSYS simulations 
T (K)   𝑃   (kPa) 𝑃  (Pa) 𝜌  ( ) 𝑣 ( ) 𝐶  
350 190 41.68 1010.5 136 0.0159 
323 190 12.26 1010.5 161 0.0136 
298 190 3.142 1010.5 161 0.0143 
323 190 12.26 1010.5 81 0.0536 
298 190 3.142 1010.5 81 0.0564 
 
Based on the cavitation numbers computed it was identified the lowest cavitation number was at 
323K with an inlet velocity of 4m/s. Though increase in temperature assisted in decreasing the 
cavitation number which is evidence for improvement in cavitation, with larger temperature 
increments the throat velocity seems to decrease and therefore the cavitation number was higher 
than that of an instance where the throat velocity was relatively higher.  
2.4.8   Experimental design for optimized cavitation model using a venturi tube  
Based on the experimental setup using the needle valve it was proved that hydrodynamic 
cavitation has a direct relationship with graphene exfoliation. Using the computational data from 
the ANSYS simulation it was proved that increments in both temperature and flowrate has a 
direct relationship in increasing hydrodynamic cavitation; with flowrate acting as a larger 
contributing factor at minor increments in temperature. Since it is relatively difficult to control 
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the temperature in a flow in the experimental model the primary focus should be to vary flow 
rate to understand its effect in graphene exfoliation.  
For this design to supply an inlet velocity of 6 m/s at the venturi tube a pump which can supply a 
flow of over 6 GPM must be used. This is because the inlet diameter of the venturi is 9 mm and 
therefore it must see a flow of 6 GPM to produce an inlet velocity of 6 m/s. In order to 
experimentally study the effect of flowrate on graphene exfoliation it is recommended a prime 
mover which could change the speed of the pump is being used or else to include a flow 
adjustment valve in the circuit proposed in Figure 10. 
 
2.5 Conclusion  
In conclusion, an inexpensive method to exfoliate biocompatible graphene is presented. This 
paper would act as an effective introduction to the field of biocompatible graphene exfoliation 
using hydrodynamics. Based on the results, it could be concluded that processing time reduces 
the number of layers of graphene, yet the level of disorder seems to increase. As it was recorded 
the I2D/IG and ID/IG ratios to be .307 and .33 respectively at 6 hours. Based on the data of the 
effects of temperature on graphene exfoliation it could be identified with increase in temperature 
graphene exfoliation improves as the I2D/IG ratios improved accordingly. This is because with 
increase in temperature cavitation improves. This paper also provides adequate information to 
further study the effects of cavitation in graphene exfoliation. This design has proven that 
cavitation is the governing phenomenon in fluid based mechanochemical graphene exfoliation. 




This paper has also provided the analysis required for a potential optimized cavitation model 
which would assist in gathering further information relating to the impact of cavitation on 




Raman spectroscopy  
 
A thin film of the graphene sample was prepared to determine the Raman spectra. An 
approximately 10 mm-diameter drop of graphene sample was dropped on top of a Si/SiO2 
substrate and was air-dried. The spectra were collected from 600-3300 cm-1. 
 
Transmission Electron Microscopy (TEM) 
 
The TEM images were taken using a JEOL 2100 Scanning and Electron Microscope. The 
samples were placed on a silicon wafer by pipetting 2 µL of the aqueous FLG dispersions prior 
to it being placed within the microscope. 
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CHAPTER 3. CONCLUSION & FUTURE WORK 
 
The results presented in this thesis indicate that hydrodynamic cavitation assist in exfoliating 
graphene in aqueous state. This was done using an inexpensive cavitation model which uses a 
needle valve. Additionally, an optimized cavitation model using a venturi tube is proposed in this 
thesis with analytical evidence of the effectiveness of the venturi tube in microbubble 
propagation. Further analytical evidence is presented in the effects of flow rate and temperature 
in optimizing cavitation at the venturi tube. Despite the promising results found using the 
cavitation model using the needle valve, a major drawback in this setup was that a centrifugal 
pump was used instead of a positive displacement pump, for in centrifugal pumps, flow tends to 
vary with pressure. In an optimized cavitation model, it is crucial that a constant flow is been 
supplied.  
Due to these factors for future experimentation it is recommended that while implementing the 
proposed venturi tube for the cavitation model a positive displacement pump is being used. Also, 
as the system pressure is not significantly high it is safe to assume the usage of PVC piping in 
designing the system should suffice in meeting the pressure requirements. This will help in 
reducing the production cost of the model.  
 
 
 
 
  
